Abstract Recombinant Drosophila S2 cells have been used for the expression of many proteins of medical interest. However, membrane-attached glycoproteins, which commonly exhibit lower expression levels compared to soluble proteins, may require special procedures in order to attain high levels of expression. In this study, two S2 cell population enrichment methods (antibiotic and immunomagnetic selection) were evaluated for their ability to enhance expression of the membrane-anchored rabies virus glycoprotein (RVGP). Quantification of RVGP production and determination of its cDNA copy number in transformed cells showed that both enrichment methods increased RVGP expression without significantly affecting its gene copy number. More interestingly, RVGP mRNA levels measured after cycloheximide treatment were poorly correlated with glycoprotein levels. Both enrichment methods enhanced expression of RVGP by recombinant S2 cells, with the highest level of expression achieved using immunomagnetic selection.
Introduction
Many studies have been done with Drosophila melanogaster S2 cells that express high levels of recombinant proteins (de Jongh et al. 2013; Moraes et al. 2012) . Although some studies have performed selection of S2 clones using approaches based on limit dilution with the use of feeder cells (Yang et al. 2012; Baum and Cherbas 2008) , these methods are timeconsuming and do not rapidly produce cell populations that are high producers of recombinant proteins, which is one of the main advantages of S2 cells over other stable expression systems in which clone isolation is often mandatory. In order to increase production of recombinant protein in S2 cells, some methods for population enrichment have been adopted, such as using high amounts of selection reagents (Lemos et al. 2009; Lee et al. 2009 ), or immunomagnetic selection (Brillet et al. 2008) . Additionally, higher protein levels have been possible with the use of the histone deacetylase inhibitor sodium butyrate to enhance chromatin accessibility (Lemos et al. 2009 ). These methods are particularly important for the generation of cell populations with high expression of membrane proteins that are otherwise expressed at low levels (Smith 2011) . To test two methods for enriching cell populations for high expression of recombinant rabies virus glycoprotein (RVGP) and to understand their mechanisms of action, the expression of RVGP was evaluated after culturing recombinant S2 cells in the presence of high levels of a selection reagent (hygromycin) or after immunomagnetic selection. Levels of correctly folded RVGP were assessed, as were RVGP mRNA levels and the copy number of RVGP cDNA in transformed cells. Results show that the immunomagnetic enrichment process produced higher levels of RVGP than the use of continuous antibiotic pressure. Copy number of RVGP DNA did not statistically differ among the studied cell populations, however RVGP mRNA expression exhibited significant differences. Altogether, our data show that the two enriching strategies have different mechanisms of enhancing expression of RVGP by S2 cell populations.
Materials and methods

Cell line, subpopulations, and culture
The original S2 Drosophila melanogaster recombinant cell line used in this work was characterized previously (Lemos et al. 2009; Ventini et al. 2010) . Briefly, a single DNA vector containing the RVGP gene and a hygromycin resistance gene cloned under the control of Drosophila metallothionein and pCopia promoters, respectively, was transfected into S2 cells, and the S2 RVGP line was established after hygromycin selection (Lemos et al. 2009 ). After cultivating the S2 RVGP population for 28 days under high concentrations of hygromycin (600 lg/mL), the S2 RVGP hy subpopulation was established. In addition, treatment with CuSO 4 for 24 h was used to induce RVGP expression in the S2 RVGP population before immunomagnetic selection was performed (as described below) to obtain the S2 RVGP imm subpopulation. See also the list of abbreviations for information.
Immunomagnetic selection of the S2 RVGP imm subpopulation S2 RVGP cells were gently washed with sterile PBS to remove dead cells. Cells were resuspended in PEB (PBS, 0.5 % BSA, 2 mM EDTA) and cell concentration was determined. The volume equivalent to 3.4 9 10 7 was centrifuged at 4009g for 5 min. The cell pellet was suspended with anti-RVGP antibodies (monoclonal D1 antibodies, Institute Pasteur, Paris, France) diluted in 340 lL PEB (1:10) and incubated for 10 min at 4°C. Cells were washed twice with 3 mL of PEB to remove antibody excess and centrifuged at 4009g for 10 min at 4°C. The cell pellet was resuspended with 60 lL antimouse IgG magnetic micro beads (MACS 120 TM, Miltenyi Biotec, Bergisch Gladbach, Germany) in 240 lL PEB and incubated for 15 min at 4°C. Cells were washed to remove unbound microbeads, suspended in 500 lL PEB, and applied to a column placed in a magnetic support. After washing out unbound cells with PEB buffer, bound cells were recovered by removing the column from the support and eluting it with 1 mL PEB directly into a recovery tube. Finally, cells were centrifuged at 4009g for 5 min at 4°C, suspended with 1.5 mL of culture medium containing gentamicin sulfate (5.0 lg/mL) and incubated at 28°C.
Cell culture and sampling
Each population was cultured in triplicate, in three independent studies. Cell culture was performed in suspension (100 rpm) with SF900 III medium (Life Technologies, Sao Paulo, Brazil) in Duran flasks (Schott, Itupeva, Brazil) at 28°C for 96 h. Samples were obtained from cells growing under three experimental conditions, i.e., not induced, induced with CuSO 4 (700 lM), and following treatment with cycloheximide (35 lM).
Rabies glycoprotein analysis
For rabies glycoprotein analysis and quantification, samples of 10 6 cells were treated with lysis buffer (2 mM Tris, 25 mM NaCl, 5 mM KCl, 0.2 % Igepal) and analyzed by ELISA (Rabies Glycoprotein Enzyme Immunoassay, Institut Pasteur), comparatively to a standard curve composed of rabies glycoprotein purified from virus particles, as previously described (Perrin et al. 1996; Astray et al. 2008 ), or treated with RIPA lysis buffer (10 mM Tris, 140 mM NaCl, 1 % Igepal, 0.5 % Deoxycholate, 0.1 % SDS, 1 mM PMSF, pH 8.0) before performing 12 % SDS-PAGE under non-denaturing conditions (LDS loading buffer, Thermo, Sao Paulo, Brazil). Proteins were transferred to nitrocellulose membrane (100 V for 1 hour), membrane was blocked with low-fat milk and treated with RV1C5 anti-RVGP antibodies (Lifespan Biosciences, Sao Paulo, Brazil) and anti-mouse HRP conjugated antibodies (Thermo). Membranes were revealed with ECL SuperSignal West pico kit (Thermo). For rabies virus glycoprotein detection on the cell membranes, we used an immunofluorescence assay. Cells were grown on coverslips and were induced for RVGP expression for 24 h. The culture medium was discarded and coverslips were washed twice with PBS. Cells were fixed with methanol/ acetone 1:1 and incubated with RV1C5 anti-RVGP antibodies (Lifespan Biosciences). After removing the first antibody, cells were labelled with fluorescein conjugated anti-mouse antibodies (Thermo). Samples were visualized in a fluorescence microscope (Olympus BX21) and photomicrographs acquired and analyzed with Cell Sens TM software (Olympus, Sao Paulo, Brazil).
RVGP cDNA and RNA quantification Samples of 3 9 10 6 cells were kept at -80°C until analysis. Cell samples were thawed and DNA or RNA was extracted with Purelink TM columns (ThermoScientific). After extraction RNA was quantified by Quant-it TM RNA assay kit (Thermo) that allows individual quantification of total RNA in DNA and RNA mixed samples. For removal of residual DNA, 1.2 lg RNA was treated with 2 U of RNase-free DNase I (Promega, Sao Paulo, Brazil) at 37°C for 30 min, in the presence of RNase inhibitor (RNaseOut TM , Thermo). After the incubation time, the DNase was inactivated with the enzymatic inhibitor EGTA at 65°C for 10 min. A total of 200 ng of DNA-free RNA was then reverse transcribed with gene specific reverse primers for RVGP or for Drosophila Alpha-Tubulin, RVGPr3 (5 0 -AGCCGCAAGTCTCACTCCC-3 0 ) or S2Tub-R (5 0 -AGCAGGCGTTTCCAATCTG), respectively, and Superscript II TM reverse transcriptase (Thermo). Obtained cDNAs were quantified by qPCR using primers for RVGP or Alpha Tubulin: RVGP9 (5 0 -TGACTACCACTGGCTTCG), RVGPr1 (5 0 -TGT AATCGTGGTTAGTGGAGC); or S2Tub-F (5 0 -TGT CGCGTGTGAAACACTTC) and S2Tub-R (5 0 -AGC AGGCGTTTCCAATCTG) (Ponton et al. 2011 ). The RT-qPCR was performed according to published guidelines (Nolan et al. 2006 ). The reaction standardization was previously published (Astray et al. 2013) . Briefly, by evaluating the absence of dimers, lowest Ct, highest end point fluorescence, and absence of signal in the negative controls, the primer concentration was determined as 200 nM for both targets and the best cDNA concentration as 7.2 ng/mL (the same amount was also used for RVGP cDNA amplification). Relative quantification (R) of RVGP cDNA and RVGP mRNA was determined by using a mathematical model (Pfaffl 2001) . The amplification efficiencies were obtained from the regression line of Ct to log of tenfold dilutions, being 2.06 for RVGP and 1.72 for tubulin. The RT-qPCR was established on the StepOne4 TM Thermal Cycler (Thermo). The reactions were performed in triplicates using Kapa Syber TM green kit (Kapa Biosystems, Wilmington, MA, USA) with 90 ng of cDNA in a final volume of 12.5 lL in MicroAmp TM optical microplates (Thermo). Amplifications were performed using the following temperature profile: 50°C for 2 min, 95°C for 2 min and (95°C for 15 s, 55°C for 30 s, 72°C for 30 s) 9 34. Melting curves were measured from 60°C to 90°C. Results were expressed as fold increase on cDNA or RNA amounts relative to the RVGP cDNA or mRNA amount present in the S2 RVGP sample after 24 h of CuSO 4 induction (calibrator).
Results
The procedures of selective pressure with hygromycin and immunomagnetic selection generated the S2 RVGP hy and S2 RVGP imm subpopulations, respectively. These cell subpopulations presented growth curves very similar to that of the original population (S2 RVGP), even after the induction of expression, indicating that the selection procedures did not significantly change cell growth. However, RVGP expression was increased by 80 % in S2 RVGP hy and by 120 % in S2 RVGP imm (Fig. 1) . To evaluate the quantity of mature RVGP present on cell membranes and the proportion of cells expressing the protein, cells were grown on coverslips and were labelled with anti-RVGP antibodies (Fig. 2) . The S2 RVGP hy population exhibited only 3 % more fluorescent cells than S2 RVGP, but the intensity of fluorescence was higher, due to higher expression levels per cell unit (Fig. 1) . On the other hand, S2 RVGP imm exhibited 20 % more fluorescent cells than S2 RVGP, indicating an increase in the proportion of cells expressing RVGP at detectable levels. To understand the events underlying cell population enrichment, the number of RVGP gene copies per cell was assessed by qPCR (Fig. 3) . We observed no statistical difference in gene copy number between cell populations, indicating that the increase in RVGP expression was not a result of changes in gene copy number per cell, as we could expect after performing selective pressure and/or immunomagnetic selection procedures. As no evidence of gene copy number differences was found, the amount of RVGP mRNA was quantified after induction of expression. In order to evaluate the amount of RNA actually transcribed after induction, cycloheximide, a translation inhibitor, was added to cell cultures to stop translation activity. We observed a large difference between the amount of RNA found before and after adding cycloheximide in the three populations (Fig. 4) . RVGP mRNA levels were similar in cell populations analyzed before translation inhibition. However, after adding cycloheximide to the cultures, RNA accumulated without being translated and reached high levels, especially in the S2 RVGP hy population.
As the amount of RVGP mRNA was not directly correlated with the amount of RVGP detected in cell populations, possible differences in RVGP characteristics between populations could be a matter for the quantification strategy, as the ELISA test used detects only trimeric and correctly matured RVGP. The differences in RVGP monomer size produced by each population were investigated by Western blotting (Fig. 5) . Samples of each cell population exhibited a band of around 58 kDa. This molecular weight was expected for RVGP, based on the glycosylation pattern of insect cells and on results of SDS-PAGE under non-denaturing conditions. The slightly smaller RVGP bands probably correspond to different glycoforms. In S2 RVGP hy, there were two more bands of approximately 25 and 35 kDa, which probably correspond to RVGP degradation products. that of the original S2 RVGP population. Because no change in growth pattern was observed after enrichment, it was also obtained an increase in volumetric productivity.
The reason for increased expression of the recombinant protein by both S2 RVGP hy and S2 RVGP imm was further investigated. First, the relative amount of RVGP cDNA in each cell population was quantified by qPCR. Results showed that RVGP gene copy number did not differ statistically between the populations, ruling out the possibility that variation in gene copy number contributed to the different levels of expression, an effect that has been previously reported (Deml et al. 1999 ). In addition, only small differences were found between populations when RVGP mRNA molecules were quantified in samples after induction of expression without the presence of cycloheximidine. However, both enriched populations had levels of RVGP mRNA that were higher than that of the original population when the mRNA was quantified in cell samples from cultures treated with cycloheximide for translation inhibition. The difference in the amount of messenger RNA accumulated in cells under hygromycin selective pressure indicate that for these cells, transcription activity was higher than that of the original population, which may explain the higher RVGP expression observed. One possible explanation for this higher expression of RVGP mRNA is that since the vector transfected into these cells contained both the hygromycin resistance gene and the expression cassette, the enriched cell population may have been selected because it integrated the vector in genome regions that are highly expressed, resulting in both high antibiotic resistance and high RVGP expression. Interestingly, the higher amounts of RVGP mRNA were not sufficient to make these cells high producers of mature RVGP, as S2 RVGP imm produced 40 % more trimeric RVGP. A limited analysis of protein characteristics by Western blotting showed that the RVGP from S2 RVGP hy exhibited forms with low molecular weight, which likely correspond to degradation products. It is known that cell translation and post-translation machinery have limited processing capacity (Palomares et al. 2004) , and partially matured forms of proteins can be degraded by proteasome activity. It has previously been reported that an increase of RVGP expression in S2 recombinant cells occurred just after a drop in RVGP mRNA levels (Astray et al. 2013 ). Here we show that high production of RVGP mRNA does not necessarily result in high protein production. Similar results were found when the expression of monoclonal antibodies by Chinese hamster ovary cells was correlated to mRNA levels (O'Callaghan et al. 2010) , and mathematical modelling has shown that the multiple parameters involved in the expression of mRNA and proteins (e.g., competition between mRNA for limited ribosomes) do not allow straightforward prediction of protein levels based on mRNA levels (Mehra et al. 2003) . Together, these results show that mRNA expression should be carefully taken into consideration when the objective is to evaluate the expression of a recombinant protein, especially with regard to the decision of which clone or population is the best producer. For the enrichment of recombinant S2 cell populations, the utilization of the immunomagnetic approach has been shown to be very useful (Brillet et al. 2008) . In the present study, expression of RVGP was 120 % higher in the immunomagnetic selected population than in the original one, with the former exhibiting a higher proportion of cells expressing 6 recombinant S2 cells were sampled 24 h after induction, lysed with RIPA buffer, separated by 12 % SDS-PAGE under non-reducing conditions, transferred to nitrocellulose membranes, probed with anti-RVGP antibodies, labeled with HRP conjugated anti-antibodies, and revealed by the ECL method. Chemiluminescent bands correspond to RVGP from S2 RVGP imm, S2 RVGP and S2 RVGP hy detectable levels of RVGP as well as production of glycoprotein with the expected characteristics and an absence of degradation products. Actually, the method was capable of sorting a recombinant population based on the amount of antibody adsorbed to the cell surface, which was proportional to the amount of RVGP expressed. The cells showing no RVGP or just low levels of recombinant expression were eluted separately. Thus, the immunomagnetic approach is recommended for enhancing recombinant expression in S2 cells after the population is established by antibiotic selective pressure.
